We investigate a possible correlation between the orbital periods P of the extra-solar planet sample and the metallicity [Fe/H] of their parent stars. Close-in planets, on a few-days orbits, are more likely to be found around metal-rich stars. Simulations show that a weak correlation is present. This correlation becomes stronger when only sigle stars with one detected planet are considered. We discuss several potential sources of bias that might mimic the correlation, and find they can be ruled out, but not with high significance. If real, the absence of very short-period planets around the stellar sample with [Fe/H] < 0.0 can be interpreted as evidence of a metallicity dependence of the migration rates of giant planets during formation in the protoplanetary disc. The observed P −[Fe/H] correlation can be falsified or confirmed by conducting spectroscopic or astrometric surveys of metal-poor stars ([Fe/H] < −0.5) in the field.
INTRODUCTION
The nearby F-G-K dwarfs harbouring giant planets show evidence of moderate metal-enrichment with respect to the average metallicity of field dwarfs in the solar neighborhood. The dependence of planetary frequency on the metallicity of the host stars was investigated since the first detections by precision radial-velocity surveys (Gonzalez 1997; Laughlin & Adams 1997) , and different explanations were proposed, such as enhanced giant planet formation by high stellar metallicity (Santos et al. 2000 Reid 2002) , observational selection effects or pollution by ingested planetary material (Laughlin 2000; Gonzalez et al. 2001; Israelian et al. 2001; Pinsonneault et al. 2001; Murray & Chaboyer 2002) . Recently, based on observationally unbiased stellar samples, the evidence for higher planetary frequency around unpolluted, primordially metal-rich stars has been clearly demonstrated by Santos et al. (2001) , and confirmed by Fischer et al. (2003) and by Santos et al. (2004) , who showed a sharp break in frequency at [Fe/H] ≃ 0.0. In this paper we investigate further the possible correlation between the orbital period of the extra-solar planet sample and the metallicity of the parent stars, in favor of which some authors had argued in the past (Gonzalez 1998; Queloz et al. 2000; Jones 2003 ), while others Laws et al 2003) had not found evidence of its existence.
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In a recent work, Santos et al. (2003) discussed extensively possible dependencies between stellar and planetary properties. In particular, they concluded that the metallicity distribution of stars with very short-period planets (P 10 days) is essentially indistinguishable from the same distribution of stars with longer period (P > 10 days) planets. In this paper we show instead that there appears to be some evidence for a significant difference between the period distributions of planets around metal-rich ([Fe/H] 0.0) and metal-poor ([Fe/H] < 0.0) stars. This correlation between stellar metallicity and orbital periods is highlighted by a paucity of close-in planets (Hot Jupiters on circular orbits with P 5 days) around the metal-poor stellar sample.
In Section 2 we present our statistical studies of the P −[Fe/H] correlation for the extra-solar planet sample. In Section 3 we analyze possible sources of bias that might contribute to produce the observed trend. In Section 4 we briefly present our findings in the context of formation and, in particular, migration processes for giant planets in primordial protoplanetary discs, and discuss possible observational tests that might help disprove or verify the reality of the correlation. Table 1 . Metallicities of planet-host stars and orbital periods of the planetary-mass companions utilized in the analysis. The list is sorted by increasing period of the innermost planet. The literature source used for the metallicity values is Santos et al. (2004) , except for HD 330075 (Pepe et al. 2004 ), BD-10 3166 (Gonzalez et al. 2001) , and HD 37605 (Cochran et al. 2004 
STELLAR AND PLANET SAMPLE ANALYSIS
We summarize in Table 1 the values of orbital periods P for the sample of extra-solar planets known to-date and the metallicities [Fe/H] of their parent stars that have been utilized in our analysis. As described in the Table, orbital periods were taken from up-to-date online catalogues, while the metallicity values were collected from a variety of sources, primarily a recent paper by Santos et al. (2004) . The detailed list of literature sources used is reported in Table 1 , along with the relevant information about binarity. This sample of 96 stars, and 109 planets, is the result of the adoption of a few selection criteria we believe are important in order to keep the possible sources of bias at a minimum. The impact of additional potential biases, that cannot be removed by simply excluding a few objects from the analysis, will be discussed in Section 3. For the purpose of our study, we have excluded from the sample the following objects:
1) sub-stellar companions to nearby stars with minimum projected masses in the brown dwarf mass regime. Given the still uncertain and evolving definition of a giant planet, the dividing line must be set with some degree of arbitrariness, and it may ultimately turn out that brown dwarfs and planets indeed populate a common mass range and/or a common origin. However, in our case we have used a more relaxed version of the Oppenheimer et al. (2000) theoretical Deuterium-burning threshold of 13 MJ (where MJ is the mass of Jupiter), that establishes both the lower limit to the mass of a brown dwarf and the upper bound to the mass of a planet (assuming solar metallicity). In particular, we have excluded objects with masses exceeding this limit by more than 25-30%, except for the case of the multiple system orbiting HD 168443, which probably shares a common origin;
2) six spectral class III K-G giants (HD 219449, HD 104985, HD 59686, Hip 75458, HD 47536, and γ Cep), belonging to different samples of stars with respect to the original F-G-K class IV-V subgiant/dwarf stars included in the observing lists of the major precision Doppler surveys for planets;
3) the unconfirmed second planet around ε Eri; 4) the first recently discovered planetary mass object OGLE-235/MOA-53 by means of the microlensing technique (Bond et al. 2004) , as the characteristics of the parent star are not well determined; 5) the two strongly interacting planets orbiting the M4 dwarf GJ 876 and the planet around HD 41004 A, for which no reliable metallicity estimates have been provided yet; 6) the three recently announced "very" Hot Jupiters orbiting OGLE transiting candidates (e.g., Konacki et al. 2003; Bouchy et al. 2004) . Indeed, for two of these objects (OGLE-TR-113 and OGLE-TR-132) Bouchy et al. (2004) have provided metallicity estimates, but the low S/N ratios of the spectra for these stars do not allow at present such parameter to be well constrained. Furthermore, the metallicity distribution of the OGLE sample (at a typical distance of about 1.5 kpc) is unknown, and it might significantly differ from the one of the solar neighborhood sample (within 40-50 pc of the Sun) observed by current precision radial-velocity surveys. In a recent work, Nordström et al. (2004) confirmed the existence of a mild radial metallicity gradient in the disc of the Milky Way, and its evolution with time. In particular, stars younger than ∼ 10 Gyr show an average metallicity gradient of ∼ −0.09 dex/kpc, while the oldest stars in their sample do not show any gradient at all. On the face of it, it is then safer to exclude the OGLE transiting planets from the sample.
In Figure 1 , left panel, we show the log-distribution of P as a function of [Fe/H). According to Santos et al. (2004) , the percentage of planet host stars increases linearly with [Fe/H] for metallicity values greater than solar, while it flattens out for metallicities lower than solar. We then divide the orbital period distribution into two metallicity bins ([Fe/H] < 0.0 and [Fe/H] 0.0), and compare them in the histogram plot in the right panel of Figure 1 . For reference, the full distribution of orbital periods for all metallicities is also overplotted. The most striking feature arising from the plot is the total absence of close-in planets on P 5 days, circularized orbits around the metal-poor stellar sample. We must then ask if this effect is statistically significant. In order to do so, several tests can be conducted. We opt for a Kolmogorov-Smirnov (K-S) test, to measure to what extent the two period distributions might differ, and for a rank correlation test, to verify whether the period and metallicity distributions are actually uncorrelated. As for the latter, we prefer to evaluate the (Spearman or Kendall) rank-order correlation coefficient rather than the classic linear (Pearson) correlation coefficient. In fact, non-parametric, rank correlation analyses are on average more robust, and the significance of a negative or positive rank-order correlation coefficient can usually be assessed (see for example Press et al. 1992) .
The computation of the relevant D statistics in the K-S test gave as a result D = 0.26, corresponding to a probability of the two period distributions to be the same P r(D) ≃ 0.09. A measure of the relevant statistics rs for the rank-order (Spearman) correlation test gave rs = −0.14, with a corresponding probability of the two distributions to be uncorrelated P r(rs) ≃ 0.11. There is then evidence for marginal differences in the period distributions for metal-poor and To further investigate the possible existence of such effect, we have performed the same two tests on three subsamples of the full dataset, i.e., removing stars in binary or multiple stellar systems, stars with multiple-planet systems, and both, respectively. The results are summarized in Table 2. As it can be seen, the K-S test is not very sensitive to different sub-samples of stars with planets, while the correlation between the P and [Fe/H] distributions gets more significant, especially when only single stars orbited by a single planet are taken into account. Anyhow, the two tests are in fair agreement with each other. The lack of sensitivity of the K-S test is possibly due to an intrinsic property of the test itself. In fact, the K-S test is most sensitive around the median value of a given cumulative distribution function, and less sensitive at the extreme ends of the distribution. For this reason the test probably works best in detecting shifts in a probability distribution, which will likely affect its median value, while it might fail to detect spreads, that would primarily affect the tails of a probability distribution rather than its median. This is quite likely our case, as the main difference between the distributions of planet orbital periods for the metal-poor and metal-rich sample resides in the very short-period regime, i.e. at one of the tails of the distribution. Note, however, that any hint of correlation disappears if one removes from the analysis the stars harbouring the Hot Jupiters with P 5 days. For comparison, analogous K-S and rank correlation tests were performed on the planet mass distribution split in two metallicity bins, and probabilities of the null hypotheses to be the correct ones in the ranges 0.22 P r(D) 0.44 and 0.38 P r(rs) 0.87 were obtained, respectively. In this case, similarly to the findings of Santos et al. (2003) , no significant trend was revealed.
In order to further quantify the statistical significance of the results on the P −[Fe/H] correlation, we have utilized Monte Carlo simulations, in a fashion similar to the analyses undertaken by Zucker & Mazeh (2002) and Mazeh & Zucker (2003) in their works on the mass-period correlation of extrasolar planets and the possible mass ratio-period ratio correlation in multiple-planet systems. We have randomly drawn 109 pairs of points (corresponding to the present total number of planets announced, with the constraints discussed above) from the observed log-distributions of orbital periods of the extra-solar planet sample and metallicities of the host stars, and repeated the process 10 5 times, calculating the rank correlation coefficient for each simulated dataset. In Figure 2 we show the histogram of the simulated values of the rs statistics, together with the observed values we obtained for the full stellar sample and the three sub-sets defined above. As a general result, both the intrinsic probability estimates of the statistical tests and the simulations we performed agree in indicating that the null hypothesis that orbital period and metallicity distributions are uncorrelated is rejected with a confidence level in the range 93.2%-99.7%, corresponding to a 2-to 3-σ result. Indeed, the evidence for a correlation is somewhat weak, but the pile-up of very close-in planets preferably around metal-rich parent stars, if real, may have important consequences for our understanding of some crucial aspects of the formation and migration processes of gas giant planets.
OBSERVATIONAL BIASES?
There are at least three main sources of potential observational biases in the data (see Gonzalez (2003) for a thorough review of the subject): 1) there could be significant errors in the determination of the metal content of the host stars, 2) the sample of extra-solar planets around stars with [Fe/H] < 0.0, only 1/3 of the number of planets detected around metal-rich field dwarfs, might not be large enough for statistical analyses; and 3) metal-poor stars have weaker spectral lines with respect to solar-type dwarfs, so that they are in principle more difficult targets for high-precision radialvelocity surveys.
In the first case, all the metallicity values we utilized (see Table 1 ) have been derived by means of spectroscopic analysis methods of high-resolution, high-S/N echelle spectra. As pointed out in recent works (e.g. Laws et al. (2003); Gonzalez (2003) , and references therein), significant systematic offsets can be found between spectroscopic and photo-metric [Fe/H] determinations, and ultimately spectroscopic methods seem to be more reliable. With this approach, the typical uncertainties reported in abundance analyses for planet-host stars are of order of a few hundredths of a dex. Within these limits, then according to Santos et al. (2004) 12 of the 14 Hot Jupiters with P 5 days included in our sample would still orbit metal-rich stars, and the same holds for HD 330075 and BD -10 3166, according to Pepe et al. (2004) and Gonzalez et al. (2001) , respectively. In conclusion, uncertainties in the [Fe/H] determination can be ruled out, at least to first approximation, as possible causes of the observed correlation between extra-solar planets' orbital periods and metallicities of the parent stars. However, if the metallicities of a couple of the stars harbouring Hot Jupiters were ill-determined due for example to some unrecognized systematics and they turned out to be falling in the range −0.2 [Fe/H] −0.1, then this would significantly dilute the effect.
Secondly, due to the lower planet occurrence rate around metal-poor stars, the absence of Hot Jupiters around the metal-poor stellar sample could indicate that simply not enough objects have been observed yet in that metallicity bin. However, comparable sample sizes of stars in the two metallicity bins have been monitored for several years by precision Doppler surveys (e.g., Fischer et al. 2003; Santos et al. 2003) . There are 23 planets in the [Fe/H] < 0.0 bin, and 86 in the [Fe/H] 0.0 bin. In the latter, 14 objects are orbiting the parent stars with P 5 days, about 16% ± 4% of the full sample (assuming Poisson statistics). If the occurrence rate for Hot Jupiters in the low-metallicity bin is comparable, then we should expect about 4 ± 2 planets to be orbiting with P 5 days, but there are no detections in this period range. This is about a 2-σ deviation. As summarized in Table 3 In the end, these results are further suggestive of a higher likelihood of finding giant planets on close-in orbits around increasingly more metal-rich stars. The smallnumber statistics argument can thus be ruled out as a major contributor to the observed P −[Fe/H] correlation, but only at the 2-σ confidence level.
Finally, due to the weak spectral lines, the lowmetallicity objects might have been monitored by Doppler surveys with somewhat lower velocity precision, thus a fraction of the planets might have gone undetected. Santos et al. (2003) and Fischer et al. (2003) have studied this possibility by calculating the median velocity error as a function of metallicity for the stars in their planet surveys, and found a velocity degradation of up to 50% for the lowest metallicity stars ([Fe/H]≃ −0.5). Radial-velocity surveys currently 
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attain typical single-measurement precisions σRV ≃ 3 − 5 m/s, and given the fact that the most glaring discrepancy between the orbital period distributions for planets around low-and high-metallicity is the absence of close-in planets, which would be easily detected (we recall the radial velocity amplitude K ∝ P −1/3 ) even with σRV ≃ 5 − 8 m/s, then we can conclude that also radial-velocity precision degradation for metal-poor stars is not a major cause for the observed correlation (in the long period regime the datasets typically contain observations with lower precision, say 10-15 m/s, but in this limit the two period distributions do not present any differences). However, the fine details of the observing strategies for the two stellar samples are not known exactly, and there is a non-zero chance that some bias might be introduced by human factors (e.g., less observing time spent on the metal-poor sample, more on the metal-rich sample with a higher chance of planet discovery announcements).
DISCUSSION
We have presented new intriguing evidence for a lack of planets on very short-period orbits (P 5 days) around stars with metallicity [Fe/H] < 0.0, confirming early findings by Gonzalez (1998) and Queloz et al. (2000) , and more recently by Jones (2003) . As shown through statistical tests as well as Monte Carlo simulations, the P −[Fe/H]] correlation is moderately significant (2-to 3-σ level), and it gets stronger when only single stars orbited by single planets are considered. We have discussed a variety of possible sources of observational biases, and did not find any strong evidence of them playing a significant role in the determination of the observed correlation. However, potential biases introduced by uncertainties in the determination of the metallicities of the planet-host stars and the small-number statistics cannot be ruled out with very high confidence, thus a clear conclusion is difficult to draw at this point.
On the other hand, if this trend is real, then the paucity of short-period giant planets around metal-poor stars should be explained in principle within the scenarios of their formation and in the context of the migration processes protoplanets are likely to undergo while embedded in the primordial protoplanetary disc. For the purpose of this analysis, we focus on the 'cleaner' sample of single stars orbited by single planets, which exhibits the stronger P −[Fe/H] correlation, as in presence of multiple planets and/or binary stellar systems the outcome of formation and/or migration could be significantly different (e.g., Zucker & Mazeh (2002) , and references therein; Mazeh & Zucker (2003) , and references therein; Eggenberger et al. (2004) , and references therein). This is however subject to change if for example a significant fraction of the present-day single-planet systems turned up to have additional long-period companions.
It is probably premature at this stage to make meaningful statements on the relative roles of the two proposed mechanisms for gas giant planet formation, i.e. core accretion (e.g., Lissauer 1993; Pollack et al. 1996; Alibert et al. 2004 ) and disc instability (e.g., Boss 1997 Boss , 2001 Mayer et al. 2002; Rice et al. 2003) . As there is no reason to believe that orbital parameters distributions of giant planets formed in different ways around different stellar populations would be very similar (Boss 2002) , one should in principle be able to find fossil evidence of the formation processes in such distributions. For example, the two formation mechanisms would predict quite distinct mass distributions (e.g., Ida & Lin 2004; Rice et al. 2003) , and the dependence of planetary frequency on the metallicity of the protoplanetary disc is also expected to be rather different (e.g., Pollack et al. 1996; Boss 2002) . However, either because of a lack of sensitivity of present-day detection techniques at the low-mass end or in light of incompleteness of the different stellar populations targeted, no general conclusions can be drawn at present (except that maybe both mechanisms operate).
On the other hand, regardless of how giant planets formed, a significant fraction of them must have undergone some degree of orbital migration, in particular all the Hot Jupiters. Thus the observed period and eccentricity distributions of extra-solar planets, and correlations among planet orbital parameters and masses, are somewhat more likely to reflect migration-related effects, blurring the evidence in such distributions for different formation scenarios. Indeed, Udry et al. (2003) , for example, show that the highly nonGaussian distribution of orbital periods is likely to be the outcome of the (Type II) migration process, and the variety of mechanisms that might trigger it, in fair agreement with theoretical predictions (see for example Armitage et al. (2002) and references therein). Similar conclusions are also reached by Zucker & Mazeh (2002) to justify the evidence for a shortage of high-mass planets in short-period orbits.
The absence of planetary objects with P 5 days around stars with [Fe/H] < 0.0 can also be explained within the context of migration scenarios. Again, we concentrate on models that do not consider interactions with a distant companion star or dynamical instabilities in multiple-planet systems, which might be required for explaining at most ∼ 20 − 25% of the systems discovered so far (out of 108 stars with planets, 16 have a certified binary companion, 12 harbour more than one giant planet, with two of the planetary systems found orbiting one of the components of wide binary stellar systems). In the more widely accepted model of (Type II) migration in a gaseous disc, a giant planet massive enough to open a gap around itself will become locked to the disc and will ultimately share its fate (e.g., Goldreich & Tremaine 1979; Papaloizou & Lin 1984; Ward 1997; Trilling et al. 2002) . As shown by Livio & Pringle (2003) , if disc opacity κ increases with increasing metallicity, if disc temperature T increases with increased opacity, then this leads to a higher kinematic viscosity ν, and this shortens the viscous inflow timescale τν, i.e. it makes the disc evolve faster. In their work, Livio & Pringle (2003) assume a weak dependence of migration timescales on metallicity
.34 ), and conclude that this effect cannot account for the observed decrease in the probability of a star having giant planets in the observed range of periods as its metallicity decreases, thus a lower occurrence rate at low values of [Fe/H] is indicative of lower probability of formation, not migration. However, given the uncertainties on some of the parameters describing the detailed structure of a protoplanetary disc and its evolution, and their relative dependencies, it is not inconceivable to argue for a more substantial dependence of migration rates on metallicity. Such explanation would fit the observed trend we are beginning to unveil, i.e. the much lower occurrence rate of Hot Jupiters around the metal-poor sample of stars with planets. Indeed, although not yet statistically significant, this trend seems to be present already in the metalrich sample, with the fraction of Hot Jupiters decreasing by ∼ 60% when we move from the [Fe/H] > 0.25 to the 0.0 [Fe/H] 0.25 bin.
In conclusion, there are several ways to improve on our understanding of the complex interplay between the observed properties of extra-solar planets (due to formation and/or migration processes) and those of the host stars.
For what concerns the possible P −[Fe/H] correlation, a solid theoretical basis for its existence or absence (as pointed out by Livio & Pringle (2003) ) could be established if detailed high-resolution, three-dimensional, timedependent migration computations were to be carried out, which would include a sophisticated treatment of the thermal structure of disc.
On the observational side, improvements in quantitative spectroscopic analyses due for example to better input physics (stellar atmosphere models), high-quality instrumentation, and more refined measurement and analysis software may help to further reduce the uncertainties on metallicity determination, hopefully also for stars significantly cooler or hotter, as well as more active, than our Sun. Such efforts will nevertheless have to be coupled to an enlargement of the sample-size of stars with planets. In particular, one of the most effective ways to prove or falsify the P −[Fe/H] correlation and its potential consequences for orbital migration and/or giant planet formation scenarios discussed in this work would be to extend the sample size of the metal-poor population, including a statistically significant number of very metal poor ([Fe/H] −0.5) objects. This could be achieved by combining radial-velocity (e.g., Sozzetti et al. 2003a ) and high-precision astrometric searches with ground-based as well as space-borne observatories that will come on-line during the next decade or so (e.g., Sozzetti et al. 2001 Sozzetti et al. , 2002 Sozzetti et al. , 2003b .
